Whereas diffusion is the principal process governing the transcapillary exchange of solutes, filtration-absorption is the main process determining the fluid partition between the intravascular and extravascular spaces (Landis & Pappenheimer 1963) . In its simplest form the Starling formulation can be written: Rate of filtration =CFC x (Pc-Hc), where CFC denotes the capillary filtration coefficient, Pc the hydrostatic, and fIc the colloid osmotic transcapillary pressure gradient. A positive value would indicate net filtration, and a negative one net absorption. Deviations from the normally existing Starling equilibrium would thus lead to an increase or a decrease of the plasma volume. In situations where there are sudden changes in plasma volume, as in hemorrhage, effective vasomotor reactions come into play which tend to restore it to its normal level. It appears that vasomotor reactions can influence, directly or indirectly, all three determinants in the Starling formulation and a few of these reactions will be described below. Renal mechanisms controlling plasma volume are beyond the scope of this paper.
When approaching the present problem it might be useful to consider the functionally differentiated consecutive sections of the peripheral vascular bed, as shown schematically in Fig 1. These are the Windkessel vessels (large arteries), the precapillary resistance vessels (small arteries and arterioles), the precapillary sphincters at the entrance of each capillary loop, the exchange vessels (the capillaries), the postcapillary resistance vessels (venules and small veins) and the capacitance vessels (mainly the distensible veins). Of these different sections, the pre-and post-capillary resistance vessels, the precapillary sphincters and the capillary exchange vessels are of particular importance in the regulation of plasma volume.
For a discussion of the influence of vasomotor reactions of plasma volume, it might be appropriate to consider, first, the Pc factor in the Starling formulation, i.e. mean hydrostatic capillary pressure. where Pa = arterial inflow pressure, Pv = venous outflow pressure, rv = postcapillary resistance, ra = precapillary resistance (Pappenheimer & Fig 1 Schematic illustration ofthe functionally differentiated consecutive sections of the vascular bed and the bloodpressure drop along the circuit I 55 -Rivera 1948) . Note that mean hydrostatic capillary pressure is dependent not only on central arterial and venous pressures, which are generally fairly constant, but also on the ratio of post-to pre-capillary resistance. An increase of this ratio leads to a rise, and a decrease of the ratio to a fall, in mean capillary pressure. Almost any change in vascular tone has been shown to affect this ratio. Specifically, vasodilatation usually leads to an increase of the ratio and thus to ultrafiltration, while vasoconstriction leads to a decrease, and hence to absorption of extravascular fluid into the circulatory system (e.g. Folkow & Mellander 1964 ).
Soto
The smallest precapillary resistance vessels can be called sphincters, since excitation of their smooth muscle generally leads to complete closure of the capillary entrance. Changes in tone of these sphincters will therefore directly determine the number of patent capillaries and hence the size of the capillary surface area available for normal exchange (Cobbold et al. 1963) . Precapillary sphincter tone will thus be one determinant of CFC in the Starling formulation and thereby influence the rate of filtration. The other determinant of CFC is capillary permeability but, as far as we know at present, this factor is not significantly affected by vasomotor reactions and can, in most physiological circumstances, be considered constant (e.g. Arturson & Kjellmer 1964) . The last factor in the Starling formulation, the colloid osmotic transcapillary gradient, may be influenced by filtration-absorption (Mellander 1960) as well as by vasomotor reactions in the liver (see below).
Certain vasomotor reactions (mainly neurogenic) appear to regulate plasma volume by inducing active redistribution of fluid between the intra-and extra-vascular compartments, i.e. absorption during states of reduced plasma volume and ultrafiltration during overfilling of the circulatory system. Other vasomotor adjustments (mainly local) tend to maintain a normal fluid partition on either side of the capillary membrane. It appears that some tissues protect themselves against a disturbance of the Starling equilibrium, while others will be the preferential target organs for centrally induced adjustments tending to restore plasma volume (Mellander 1960 , Oberg 1964 . In order to make such central adjustments effective, it would appear that these latter tissues should contain a large extravascular fluid volume. Secondly, tissue function should not be significantly impaired by extensive fluid redistribution. Thirdly, they should not be enclosed by rigid structures which could otherwise limit filtration because of a rapid rise in tissue pressure. Accordingly, we find this type of reflex adjustment mainly in skeletal muscle, a tissue amounting to about 30-35 kg in the adult, and to some extent in skin as well. On the other hand, in splanchnic organs, and possibly also in brain and myocardium, the vasomotor reactions appear to act so as to maintain a Starling equilibrium. This latter type of response might be called an active protective vasomotor adjustment to maintain local fluid homeostasis, while the first type of response which allows fluid redistribution, is an active hemodynamic adjustment which more directly regulates total plasma volume.
Since skeletal muscle is the main target for such regulatory adjustments of plasma volume, we might first consider the full range of vascular effects that can be elicited in this tissue (Fig 2) , and later describe the mechanisms responsible for these adjustments. In the diagram are shown the effects on resistance vessels, precapillary sphincters, preto post-capillary resistance ratios and on capacitance vessels. The last four diagrams in the figure are of particular relevance for the regulation of blood volume. At normal precapillary sphincter tone in resting skeletal muscle (cat), the size of the capillary surface area is about 5,000 cm2/100 g tissue (Pappenheimer 1953) . By dilatation of the precapillary sphincters this area can increase to about 20,000 cm2, and by constriction decrease to about 1,000cm2 (data derived from changes in CFC, Cobbold et al. 1963 ).
The extrapolated data for 30 kg of human muscles are as follows: It appears that, at least at rest, we have fewer patent capillaries per unit tissue weight than the cat (e.g. Mellander & Oberg 1967) , so the surface area might be roughly 75 m2 in 30 kg muscle. During maximal dilatation of the precapillary sphincters the area can increase to about 300 m2 and during constriction decrease to about 15 M2. This is total capillary surface area: with regard to water transfer, Pappenheimer (1953) has calculated that less than 0-2% of the surface is available for exchange. By shifts of the preto post-capillary resistance ratio mean hydrostatic capillary pressure can rise during dilatation by about 15 mm, or from the normal level of 25 to 40 mmHg and decrease during constriction to about 10 mmHg (Mellander 1960 , Oberg 1964 , Kjellmer 1964 . Taking into consideration both the rise in capillary pressure and the increase in capillary surface area, vasodilatation can disturb the normal Starling equilibrium so as to produce a net filtration in the cat of about 0-8 ml/min per 100 g tissue. Conversely, constriction can lead to a transcapillary absorption of about 0-3 ml/min per 100 g. Correspondingly, vasodilatation in all human skeletal muscles might lead to a transcapillary fluid loss of 120 ml/min, and constriction to an absorption, or 'autotransfusion', of about 50 ml/min. Vasodilatation of the capacitance vessels, finally, will lead to increased accumulation of blood in the distensible venous system, and constriction to a mobilization of stagnant blood to the central circulation (Mellander 1960) . In human skeletal muscles there might thus be a mobile blood reservoir of about ± 300 ml.
The methods used to reveal these data are briefly the following: The resistance function is assessed by continuous recording of arterial inflow pressure, venous outflow pressure and regional blood flow. By a plethysmographic recording of tissue volume, combined with isotope methods (Ablad & Mellander 1963) , both the capacitance function and the rate of transcapillary fluid movements can be followed. Changes in precapillary sphincter tone are reflected in changes of CFC. CFC is determined by recording the rate of fluid filtration produced by a given increment of mean hydrostatic capillary pressure (Cobbold et al. 1963 ). This technique, originally designed for experimental animals (for details see Mellander 1960) , has been modified and applied to investigations on humans , Mellander & Oberg 1967 .
Below, some of the more important control mechanisms for the various vascular functions described in Fig 2 will be outlined. An important basic feature of the skeletal muscle vascular bed is the pronounced 'basal tone' that remains after complete elimination of all extrinsic excitatory influence (e.g. Lofving & Mellander 1956 ). This basal tone which seems to be related to an inherent spontaneous myogenic automaticity in the vascular smooth muscle cells (Folkow 1962 ) is, however, fairly strictly confined to precapillary resistance vessels and particularly to precapillary sphincters, while postcapillary vessels seem to lack almost completely such basal tone (Folkow & Oberg 1961 ). This arrangement provides the possibility for differentiated reactions within the consecutive vascular sections. Inhibitory influence on basal tone will lead to vasodilatation, while, conversely, excitatory stimuli superimposed on basal tone will lead to reinforced vasoconstriction.
Quite schematically the regulation of the peripheral vascular bed can be subdivided into two types, a 'central control' and a 'local control'. The most important link in the central control system is, of course, the sympathetic adrenergic constrictor fibres, which are reflexly engaged, for example, via baro-and chemo-receptors. By graded discharge in these fibres, graded constrictions can occur in both resistance, precapillary sphincter and capacitance vessels up to the maximum levels, as shown in Fig 2 (Mellander 1960 , Folkow & Mellander 1960 , Cobbold et al. 1963 . Under extreme circumstances, as for example during acute severe heemorrhage in humans, there might be an absorption of extravascular fluid of no less than 0-5 litre in ten minutes due to reflex resetting of the preto postcapillary resistance ratio (Fig 2) . Such drastic adjustments are probably rare. In humans exposed to a 700 ml reduction of the circulating blood volume a transcapillaryabsorption amount- ing to about 150-175 ml in 10 minutes was found (Mellander & Oberg 1967) , but even this is quite an impressive 'autotransfusion' in this situation.
The 'local control' of the peripheral circulation is exerted by two principal mechanisms, chemical factors related to released metabolites, and mechanical factors related to changes in transmural pressure. Generally speaking, the chemical factors elicit vasodilatation, but mainly, of course, only in those sections that have a basal tone which can be inhibited. Metabolites thus lead to dilatation of precapillary resistance vessels and precapillary sphincters and increase the postto pre-capillary resistance ratio so that fluid is filtered into the tissues. They leave, however, the postcapillary sections virtually unaffected (Kjellmer 1965) . The dilatation of the capacitance vessels shown in Fig 2 is thus not related to the action of metabolites, but can be elicited, for example, by acetylcholine (Mellander 1966) .
Surprisingly enough, we still do not know what chemical factor is responsible for the metabolic vasodilatation occurring, for example, in exercise. A recent series of experiments suggests that local hyperosmolarity is a factor that deserves attention . As shown in Fig 3 ( closed circles) exercise was found to be associated with considerable regional hypertonicity, which was reflected in the plasma of the venous effluent. A relation exists between the degree of resistance vessel dilatation and the extent to which osmolarity is increased above the control osmolarity at rest. If similar changes in local osmolarity were experimentally produced in a nonspecific way by slow intra-arterial infusions of hypertonic glucose or xylose solutions into the resting muscle (open circles) a vasodilatation was produced that approached that seen during exercise. Studies of electrical and mechanical activity on isolated vascular smooth muscle with the sucrose-gap technique suggest that hyperosmolarity inhibits smooth muscle myogenic automaticity by interfering with its chronotropic, dromotropic and/or inotropic actions. From these and other experiments (e.g. clearance of 133Xe administered I.M. in isoor hypertonic medium) it appears that regional hyperosmolarity can be looked upon as a dominant 'nonspecific' factor in exercise hyperemia, the action of which might be modulated by more 'specific' vasodilators.
The local mechanical control exerted by changes in transmural pressure (Folkow 1962 ) influences basal vascular tone by increasing or decreasing the rate of spontaneous asynchronous contractions in vascular smooth muscle (Johansson & Bohr 1966) . The smooth muscle cell operates like a mechanoreceptor in which distension leads to contraction and vice versa. Increased transmural pressure thus leads to relative vasoconstriction, and decreased pressure to vasodilatation, but to a more significant extent only in those sections that possess a basal tone, i.e. the precapillary vessels. This mechanism is one of the most probable explanations for the so-called autoregulation of blood flow (Folkow 1964) . Even more pronounced is the mechanical control of the precapillary sphincters which will be of great importance for transcapillary fluid exchange . As an example of this control one might consider the situation in a dependent vascular region when a person rises from the supine to the erect posture. In the erect posture, mean capillary pressure in the feet of an adult human will increase by 75-85 mmHg. This must lead to a serious disturbance of the Starling equilibrium across the capillary walls, resulting in a tremendous loss of fluid by filtration. One can calculate that, if no limiting mechanisms were put into effect, about one litre of fluid would in which the capillary filtration coefficient was determined in the feet of healthy individuals in supine and erect postures, it was shown that the rise in transmural pressure influenced the tone of the precapillary sphincters in the vascular bed of the feet in such a way that a large number of them were closed (Fig 4) . The filtration coefficient in the erect posture amounted only to one-third to one-eighth of the value in the recumbent position, which in approximate terms means that in the erect posture only every third to every eighth of the previously open capillaries opened to flow. Closed capillaries are thus functionally removed from fluid exchange and the rate of filtration is decreased in proportion to the decreased capillary surface area. This reinforcement of the inherent myogenic automaticity of the smooth muscles of the precapillary sphincters, caused by an increase in the transmural pressure, can thus help to explain how tissues are able to tolerate high hydrostatic loads without significant cedema formation. This might be of some interest in space medicine, considering the great g forces to which the pilots are exposed. This mechanism seems to be particularly well adapted, since regulation occurs on a local levelit is little influenced by vasomotor nervesand the closure of the precapillary sphincters will thus occur only in those regions actually exposed to the hydrostatic load. Lymph drainage, increased tissue pressure and the effects of the 'muscle pump' are factors that to some extent help to limit oedema formation in the upright posture, but these mechanisms come into play mainly when there are active skeletal muscle contractions.
In situations of simultaneous strong influence of both vasodilator metabolites and increased During 30 mmHg increased transmural pressure (shaded areas) and simultaneous exercise (1 and4 twitches/sec) blood flow increased (passive distension of resistance vessels) whereas CFC decreased (myogenic constriction of precapillary sphincters). (Reproduced from Lundvall et al. 1967, by kindpermission) transmural pressure, as might occur in dependent parts in humans during exercise in the erect posture, the metabolic factor overrides the myogenic response in the resistance vessels, while the precapillary sphincters are still able to constrict (Lundvall et al. 1967 ) (cf. Fig 5) . These competing stimuli will thus elicit differentiated responses within these two vascular sections. A fairly well maintained constrictor response of the precapillary sphincters to hydrostatic load in this situation seems highly important, since otherwise the risks of gross cedema formation would be even greater than at rest. In this connexion the concept of 'autoregulation of transcapillary filtration' might be introduced as an extension of the well known 'autoregulation of blood flow'. Such an autoregulation of capillary filtration appears to be brought about in two different ways depending on the type of tissue involved. Some tissues, such as intestine ) and myocardium (Renkin, personal communication), appear to have a very dense capillary network, with a capillary permeability 10 times 30 35 TIME min that in resting skeletal muscle. Even slight changes in capillary pressure in these organs would imply large transcapillary fluid movements with risks of gross cedema formation or dehydration and consequent impaired tissue function. It has been shown that autoregulation of capillary filtration in intestine is accomplished by adjustment of the pre-to post-capillary resistance ratio, so that capillary pressure always tends to be maintained at normal levels (Oberg 1964) . This occurs, for example, in situations of high vasoconstrictor fibre discharge to the intestine. This mechanism would not be useful in skeletal muscle in which a reflex resetting of the pre-to post-capillary resistance ratio in fact constitutes the basis for centrally controlled adjustments of plasma volume (Mellander 1960 , Oberg 1964 . In this tissue, so commonly exposed to great hydrostatic loads, autoregulation of capillary filtration is, instead, accomplished by the myogenic control of precapillary sphincters, which protects this tissue against gross transcapillary fluid movements , Lundvall et al. 1967 .
In certain pathological situations, such as hemorrhagic shock, the sympathetic nervous system may lose its ability to induce extravascular fluid absorption in skeletal muscle (Lewis & Mellander 1962 , Mellander & Lewis 1963 , Lundgren et al. 1964 . Owing to the reflex constriction of the resistance vessels and the eventual fall in blood pressure, nutritional blood flow decreases to such an extent that a relative 'accumulation of vasodilator metabolites' occurs in skeletal muscle. This leads to competition between simultaneous strong constrictor and dilator stimuli. Early in shock, neurogenic constriction persists in all consecutive vascular sections, but, with time, as the metabolite concentration increases, the dilator effect becomes apparent (Fig 6) . Since the precapillary sections 40 permission) are especially sensitive to metabolites, they will gradually dilate, while the neurogenic constriction will be maintained in the postcapillary sections for a considerable length of time. This implies that, in early stages of shock, there will be the normal response of extravascular fluid absorption. But, owing to the gradual shift of the pre-to post-capillary resistance ratio, mean capillary pressure rises above normal in the later stages, so that there is a reversal, and circulatory fluid is lost by ultrafiltration. One can calculate that in this stage of shock an adult person might lose 0 5 litre of fluid per hour, which would be a very undesirable effect in this primarily hypovolemic situation. Sympathetic block at this stage eliminates further fluid loss and this finding may help to explain the reported beneficial effect of sympathicolytic agents in shock treatment (Nickerson 1963) .
Another type of pathological cedema formation, namely the very rapid cedema occurring in acute second-degree burns can, however, be ascribed only partially to vascular effects such as decreased pre-to post-capillary resistance ratio or increased capillary permeability. Instead, burn cedema has been shown to be related mainly to extravascular hyperosmolarity created by sudden release of osmotically active products in the extravascular compartment which are not plasma proteins (Arturson & Mellander 1964) . Acute burn oedema is therefore mainly the result of osmosis or water diffusion.
It should be realized that the reflex extravascular fluid absorption in skeletal muscle might eventually be a self-limiting process due to the fact that the fairly low protein content of the fluid would decrease the plasma protein concentration (Mellander 1960) . Some indirect and still preliminary data might be taken to indicate, however, that these reflex patterns influence liver circulation, and possibly also liver function, in such a way as to increase plasma protein release from the liver into the circulation (Greenway et al. 1967 ).
Most of the mentioned vasomotor reactions affecting capillary fluid transfer seem to be adequate adjustments tending to maintain a constant plasma volume. There is one phenomenon, however, which does not, at first sight, seem to fit this general picture, namely the loss of circulatory fluid that accompanies most states of vasodilatation. It would appear irrational that such states, most of which call for an improved nutritional situation, lead to a decrease of plasma volume. The results presented in Fig 7 might help to explain this seemingly irrational phenomenon (Lundgren & Mellander 1967) . This shows that the rate of tissue-blood transfer of solutes is augmented by both net transcapillary filtration and absorption. Solute transfer (1311, 24Na, 8f6Rb and 133Xe) was studied in terms of 'isotope clearance' under circumstances where all factors previously known to influence transcapillary solute exchange were kept constant. It can be seen that when net transcapillary fluid movement was induced, the clearance constants increased considerably above the control level at a Starling equilibrium, which implies that transcapillary fluid movement per se is a factor greatly facilitating tissue-blood exchange of solutes. Since this effect is so great it might very well be a beneficial one in states of vasodilatation, even if obtained at the slight expense of a temporary fluid loss from the circulatory system. This facilitation might not necessarily occur across the capillary membrane itself, but may be related to improved transport in the interstitial fluid gel compartment which contains a dense meshwork of fibrils. Normally this compartment might offer considerable resistance to ionic distribution which might be lessened in the face of fluid streaming.
In summary, there appear to be potent vasomotor reactions which tend to regulate plasma volume and help to maintain cardiovascular homeostasis: (1) By 'autoregulation of capillary filtration', plasma volume tends to be kept constant.
(2) By central nervous adjustments of the preto post-capillary resistance ratio in some tissues, hypervolhmic or hypovolemic states can be corrected. (3) By net transcapillary fluid movements, solute exchange between the intraand extra-vascular spaces can be facilitated. This may improve the nutritional state in the tissues.
